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2the 126 representation also has SU(2) doublet compo-
nents which could give Dirac masses to the quarks and
leptons, the large mixing angles for the leptons are not
yielded by themselves. Even if the 10 representation is
introduced for the Higgs bosons, it is diÆcult to consis-
tently accommodate the three experimental results [5]. A
scenario with a small mixing angle in the MSW eect for
the solar neutrino oscillation could be provided by incor-
porating two superelds of 10 and the Majorana masses
for the left-handed neutrinos from the VEV of the SU(2)
triplet Higgs boson [6].
Large mixing angles for the leptons are not easily ob-
tained by 10 and 126. This is because every SU(2) dou-
blet Higgs boson in these representations gives the same
contribution to the quark mixings and to the lepton mix-
ings. On the other hand, the 120 representation has four
SU(2) doublet components, in which one doublet gives
Dirac masses only to the neutrinos and another only to
the up-type quarks. These Higgs bosons could become
an origin of the dierence between the quarks and the
leptons.
We introduce one supereld for each of 10, 120, and
126. All the possible Higgs couplings for the quark and
lepton superelds at the GUT energy scale are written,


























































































































Here, 's stand for Higgs superelds with upper and lower
indices showing transformation properties under SU(5)
and SO(10), respectively. Superelds for the quarks and













, where the index i represents





are symmetric for the gen-
eration indices, while 
ij
are antisymmetric.
The scalar component of 
1
126
is assumed to have
a VEV of order of a GUT energy scale. Large Ma-








. Exchanging the right-






















lead to dimension-ve operators which
are composed of SU(2) doublet elds for the left-handed
leptons and Higgs bosons. At the electroweak energy
scale where the SU(2) doublet Higgs bosons have non-
vanishing VEVs, these dimension-ve operators become
tiny Majorana mass terms for the left-handed neutrinos.












be as small as the observed neutrino masses, which ne-
cessitates an extreme ne-tuning of the Higgs potential.
We therefore take 
15
126
for enough heavy not to develop
a non-vanishing VEV.
The SU(2) doublet Higgs superelds for electroweak
symmetry breaking are given by linear combinations of
the superelds with the same quantum numbers in 10,





with hypercharges 1/2 and  1=2,

























































where dots stand for possible components belonging to
the representations dierent from 10, 120, and 126. For
instance, one supereld of 126 is included to keep the
VEV of the SO(10) D term small by cancellation be-






. This 126 repre-





. The gauge coupling unication
of SU(3)SU(2)U(1) suggests that there should exist
only one pair of light Higgs doublets. We assume that
the other linear combinations of the SU(2) doublets have
large masses and decouple from theory below the GUT
energy scale.
The superpotential of our model relevant to the quark















































Below the GUT energy scale, the right-handed neutrino
superelds N
ci
decouple from theory, owing to their large
masses. Instead of the last two terms in Eq. (7), the

























i represent the scalar component of
H
2
and the fermion component of L
i
, respectively. For
deniteness, we dene the Cabibbo-Kobayashi-Maskawa
(CKM) matrix for the quarks and the Maki-Nakagawa-














































































's being unitary matrices. Taking the
VEVs of electroweak symmetry breaking for positive, the









while those of 
D
u
should be negative. The quarks and
leptons then have positive masses.
3A 3  3 unitary matrix has nine independent param-
eters. Although the numbers of physical parameters in
the CKM matrix and the MNS matrix are respectively
four and six for electroweak interactions, more parame-





, we adopt the parametriza-
tion in which the energy evolution of the independent


























































































































, ve relative dierences are indepen-







can be taken to lie in the rst quadrant.
A large dierence between the quark mixings and the

















. Then, at the GUT
energy scale, the coeÆcient matrices for the leptons are

























































































stands for the VEV of 
1
126
which is of order





























where we have taken a generation basis in which the co-
eÆcient matrix for the down-type quarks is diagonal.




is neglected. Then the matrix 
u
is sym-







) and the matrix U in Eq. (14) becomes






are roughly diagonal simultaneously. On the other hand,
the matrix  in Eq. (13) has only o-diagonal elements,
owing to its antisymmetric property. Therefore, the o-
diagonal elements for  could be large, which would en-
hance generation mixings for the leptons.
TABLE I: The masses of the quarks and leptons (in unit
































































evolve depending on the energy scale. The renormaliza-
tion group equations for these parameters and the gauge
coupling constants of SU(3)SU(2)U(1) close on them-
selves at the one-loop level. Making use of the large
mass dierences among generations for the quarks and
the charged leptons, the evolution equations for the in-
dependent parameters are obtained explicitly [8]. Exper-











is given. The CKM matrix elements have also


























these quantities are given, the values of 
D
and the MNS
matrix are determined at the GUT energy scale and thus
at the electroweak energy scale.
Our model is discussed quantitatively. We make an
assumption that the mass dierences among the neutri-
nos are very large, similarly to the quarks or charged
leptons. Then, the measured quantities by the CHOOZ


























represents the mass eigenvalue for the neutrino
of the i-th generation. For the atmospheric neutrino os-
























Combining Eqs. (1) and (3), the magnitude of V
31
should
be small. This constraint make it possible to evaluate the
























These evaluations would be suÆcient for our present pur-












FIG. 1: The mixing parameters and the ratio of mass-




































TABLE II: The mixing parameters and the ratio of mass-



































1.0 0.59 0.016 3.110
 3





Eq. (12). Allowed regions for these parameters are very
restricted. We take one example within the ranges of real
values, which is given by
a =  3:95; b =  10:5;
P
u
= diag( 1; 1; 1); P
d
= diag(1; 1; 1): (18)









at the GUT energy scale, leads to the
quark and charged lepton masses and the CKM matrix at
the electroweak energy scale listed in Table I. The ratio




is set for tan  = 30. The
obtained results are consistent with the values expected
at the electroweak energy scale from experiments [9]. The
CP -violating phase Æ also lies in the range allowed by













For a smaller value of tan, the magnitudes of a and b
become larger.






















, and the ratio







troweak energy scale are shown, corresponding respec-






( x) within the range of real values. The other
















determines the scale of  and does not aect the











the values compatible with













GeV, the mass-squared dierence for the atmospheric
neutrino oscillation is given by m
2
atm
= 2:7  10
 3
.
Under the constraints from the CHOOZ experiment, the
atmospheric and solar neutrino oscillations can be real-
ized simultaneously for certain parameter values.
In conclusion, we have presented a model based on
SO(10) GUT and supersymmetry, in which the quarks
and leptons receive masses from the Higgs bosons in 10,
120, and 126. The antisymmetric 120 representation is
the origin of the observed large generation mixings for
the leptons. The small neutrino masses are traced back
to large Majorana masses for the right-handed neutrinos
generated by 126. Theoretical predictions are sensitive
to the model parameters. All the experimental results
can be described consistently in some regions of the pa-
rameter space.
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